Early project-level initiatives of 'reducing emissions from deforestation and forest degradation' (REDD+) have left a negative impression among many forest-dependent peoples (FDP) across the tropics. As countries move towards national-level implementation and results-based payments, it is timely to analyze the effects of 'national REDD+' on FDP. We use Guyana's technically approved United Nations Forest Reference Emission Level (FREL) submission and Opt-In Mechanism to assess how fifteen indigenous communities with tenured forestland may financially benefit from national REDD+, and evaluate whether, and to what extent, Guyana forms a best-case scenario. In addition, we provide a first-time assessment whether field estimates of the average carbon density of mature forests managed by fifteen forest-dependent communities (beyond rotational farming lands) equals that of nearby unmanaged mature forest, as this could affect REDD+ payment levels. We conclude that, notwithstanding some pending issues, Guyana's national REDD+ program could be very beneficial for FDP, even under a modest United States (US) $5 unit carbon price. We present economic evidence to support forest governance change domestically in sovereign developing countries that may ease FDP tenure and national REDD+ implementation. The average carbon density was locally substantially less in FDP-managed forest, but had little effect on the overall carbon stock of the titled forest area, and is considered modest when incorporating ecological and socioeconomic attributes. Partnerships with FDP when combined with advances in remote sensing could have potential for economic monitoring of forest emissions across the tropics.
Introduction
Reducing Emissions from Deforestation and forest Degradation (REDD+) aims to reduce emissions from tropical forests while ensuring livelihoods of forest-dependent people (FDP) [1] . REDD+ was approximately 14% of the national forest area (2.6 M ha of 18.4 M ha, [26] ). The first legal government commitment to provide Indigenous land rights in Guyana was rooted in the fact that, at the time of independence from British rule (1966), the Indigenous vote was important for the other two major ethnicities (African Guyanese and Indo-Guyanese) [25] . It has, however, taken four more decades, with the passage of the Amerindian Act [27] , that there has been a systematic acceleration of indigenous communities gaining title to traditionally inhabited lands. Under the Act, Amerindian communities established at least 25 years and with more than 150 people can apply for title. The government subsequently has six months to visit the community to gather relevant information, and another six months for the Minister to make a decision, which, if the community disagrees, can be appealed in court [27] ('Part VI'). The title provides permanent full collective ownership of the land and its forest resources by the community, as protected by the Constitution, but does not include rivers and 20-m wide riverbanks. Belowground mineral resources remain state ownership, but a community ('village' when it has title) can deny access to (small and medium-scale) mining on its titled land [27] ('Part VI'). The titled land is owned equally by all residents of the community. While a household may occupy an area for generations and the wider village will accept and respect that piece of land as theirs, the household could not formally use this as an asset. Although rights to carbon stocks were not defined in the 2006 Act, the government has acknowledged these rights by giving communities with titled lands the choice of opting in or out of enrolling their forest in Guyana's national REDD program and to receive compensation from government under a REDD+ agreement (see Section 2.3) [20] .
Guyana and REDD+
Guyana is classified as a High Forest-Low Deforestation (HFLD) country [28] , with about 83.3% of its area being covered by forest (18.4 M ha, [26] ). HFLD was coined in 2007 by Da Fonseca et al. [28] to denote a group of countries that were at risk of being omitted from a new framework for reducing emissions from deforestation-those with high forest cover (>50% of land area in 2005) and low rates of deforestation (below global average of 0.22% during 1990-2000) [28] . We return to HFLD in Section 4.3.2. The national population is around 750,000 and Guyana is ranked 151th in the world in terms of per capita gross domestic product [29] . The country has been at the forefront of REDD+ development since 2006, and it is a partner country of both the UN REDD+ Programme and the World Bank's Forest Carbon Partnership Facility [3, 30] . In late 2009, Guyana signed a five-year bilateral performance-based REDD+ agreement with Norway to facilitate REDD+ readiness and implement low carbon projects [31, 32] .
Guyana's Opt-In Mechanism Strategy
Concurrent with its UNFCCC submission, Guyana developed an 'Opt-In Mechanism' that stipulates the conditions and benefits under which indigenous villages may be included in the national REDD+ scheme [20] . The Opt-In Mechanism (OIM) was developed in consultation with indigenous leaders nationwide that provided reviews to inform the documents, and is not yet finalized [20] . Opting in is the decision of individual villages: it is voluntary, reversible, and without a deadline or consequences for other national development programs. If, after due Free Prior Informed Consent (FPIC) villages decide to opt in, traditional activities, including swidden farming, are permitted to continue. Emissions of village activities will be monitored, and the difference with the national reference level will be used to determine the amount of payment each year per village (see below). Transaction and implementation costs would be shared between government and village. Chiefly, the government provides one-off initial support to villages for the OIM to become operational, while subsequent running and monitoring costs would be covered by the village's REDD+ earnings [20] . REDD+ revenues will not translate into direct payments to the village or its households, but are to be used to finance projects that are included in the Village Plan. This plan is updated annually and outlines the village's vision for development, including the management of forest resources [27] . Levels of annual payments to each village will be calculated in a similar way as at the national level [18] . At the national level, the annual emission rate and the forest area of the country is used to calculate payments, and these variables will be replaced by the annual emission rate of the individual village and the carbon stock of its titled forest [20] . Consequently, a village's REDD+ revenue will be calculated as:
Annual revenue = (National Reference Emission Level − Community Emission Level in Yr x ) × Community's forest CO 2 stock in Yr x−1 × Carbon price
The national reference emission level is based on the 12-year average of countrywide forest emissions from deforestation and forest degradation during 2001-2012, expressed as a percentage of the country's total carbon stock, in carbon dioxide, CO 2 , equivalents [18] . As a simplified example, a country with a 1,000,000 ha forest area, with a 'carbon density' of 200 tC ha −1 , has a national 'carbon stock' of 200 million tC, or 733 Mt in CO 2 equivalents (the conversion factor C-CO 2 is 44/12 = 3.667, based on the atomic weights of carbon (12) and oxygen (16)). If the country deforested on average 3000 ha per year in recent history (3000 × 200 × 3.67 = 2.2 Mt CO 2 ), its 'historical emission rate' is 0.3% (2.2/733). Any forest degradation, e.g., through logging, would similarly have to be converted to CO 2 -equivalents, and added to the 2.2 MtCO 2 from deforestation [18] . The annual community emissions are similarly expressed as a percentage of the total carbon stock of the community's titled forest. The difference between the reference level and the community's emission rate in a given year represents the rate at which the community has avoided emissions as compared to the national baseline rate. This is multiplied by the total forest carbon stock of the village's titled forest (in tCO 2 ) in the year prior to the assessment, and by the carbon price (US$ per tCO 2 ) , to arrive at the amount of revenue earned that year (Equation (1)). Section 3.1 provides an elaborated example.
Equation (1) shows there are two variables under influence of the communities; how much carbon they emit each year ('Community Emission Level', CEL), and how much carbon they have on their titled land ('Community' forest CO 2 stock', CFS). Guyana is still developing the methodology to monitor annual community emissions, and is test-casing which emission sources to include by balancing significance versus monitoring cost [26] . Since forest clearance for rotational farming or shifting cultivation forms no 'permanent conversion from forest to non-forest use' (it is left to regrow after some years of crop cultivation), Guyana does not categorize this as deforestation but as forest degradation, for which emission factors are being developed [26] . In the absence of numbers on annual community emissions, we enter low and high emission rates for CEL in Equation (1) to obtain the range of REDD+ revenue the average village could expect if it opts in to the national REDD+ program.
Our field-assessment of the average carbon density of titled community forest could affect the variable CFS, if found significantly different from the government's preliminary estimate of 283.7 tC ha −1 (above + belowground carbon) for this region [18, 33] , and thereby the level of annual REDD+ payment (Equation (1)). Guyana has thus far used the interim carbon price set by Brazil's Amazon Fund (US$5 per tCO 2 , [31]). We utilize the same carbon price in our analysis, and evaluate carbon price trends in the Discussion section.
Study Sites
The carbon assessment of mature forests that were used by FDP, and of unused 'control' forests, formed part of a larger study of human-wildlife dynamics in the context of socio-economic change, and the feasibility of large-scale environmental monitoring by FDP ('Project Fauna', 2007-2011, [34] ). The assessment took place in Guyana's Region 9, also known as The Rupununi, an area that is covering approximately 48,000 km 2 of both the Amazon and Essequibo watersheds in southwest Guyana (Figure 1) . covering approximately 48,000 km 2 of both the Amazon and Essequibo watersheds in southwest Guyana (Figure 1 ). The Rupununi consists of a mostly flat-to-undulating landscape (~150 m above sea level, with mountain peaks up to 1000 masl) of tropical forest with defined boundaries to natural grassland savannah with scattered stunted trees, interspersed with small forest 'islands', and Mauritia flexuosa L.f. palms along creeks (more details in [34, 35] ).
Approximately 40 communities are scattered across the study area, ranging in population from around 60 to 1200, and predominantly located in lowland savanna close (<5 km) to the forest edge [34, 35] . Nearly all the residents of the 15 villages that were included in this biomass study self-identified as being indigenous (predominantly Wapichan and Makushi). The people rely on their forests for swidden agriculture, building materials, small canoes, charcoal for clay The Rupununi consists of a mostly flat-to-undulating landscape (~150 m above sea level, with mountain peaks up to 1000 masl) of tropical forest with defined boundaries to natural grassland savannah with scattered stunted trees, interspersed with small forest 'islands', and Mauritia flexuosa L.f. palms along creeks (more details in [34, 35] ).
Approximately 40 communities are scattered across the study area, ranging in population from around 60 to 1200, and predominantly located in lowland savanna close (<5 km) to the forest edge [34, 35] . Nearly all the residents of the 15 villages that were included in this biomass study self-identified as being indigenous (predominantly Wapichan and Makushi). The people rely on their forests for swidden agriculture, building materials, small canoes, charcoal for clay brickmaking, firewood (typically slash Forests 2018, 9, 231 6 of 17 from farms or dead wood in nearby forest), non-timber forest products (NTFP), and medicines [36] . Community-based forest management exists, but it is not well documented. In this sense it is more informal and based on tradition rather than law. Major forest management decisions, such as timber extraction and negotiation with the government and mining companies, are undertaken at the village and district levels (representing the North, South Central, and South Rupununi districts). Smaller-scale forest management and utilization, including most hunting and foraging activities, as well as small scale timber extraction, occur at the household level. For the purposes of this paper, we assume the community has made collective decisions over what kinds of activities are allowed across their lands.
Community REDD+ Revenue
Since annual emissions of individual villages were not available at the time of this study, we entered low and high village emission rates for the variable 'Community Emission Level' in Equation (1) to obtain the range of REDD+ revenue the average village could expect. We used 'no emissions' as the hypothetical lowest rate (generating highest revenue), and '0.1%' as the highest rate. The latter rate was the maximum rate under the 2010-2015 Guyana-Norway agreement [31] . Under this agreement Guyana self-imposed a cap of 0.1% (instead of its reference level 0.242% [18] ) to show its commitment to mitigating climate change, beyond which it would receive no revenue [31]. The UNFCCC threshold was still under discussion at the time of Guyana's UN-submission [18] . As a further example, we present the revenue level when a community emits at the same rate as the national historical rate (0.049%, [18] ).
In accordance with Project Fauna's agreement with partner villages (to protect the anonymity of specific villages), here we provide mean regional results. Project Fauna has informed the individual villages of the size of their forest area and total standing carbon stock, to allow for calculating the revenue range of their specific village, an essential yet so far lacking piece of information for indigenous villages to make an informed decision (in line with the principles of FPIC) whether or not to join REDD+ (Overman and Fragoso, unpublished data).
Assessments of Carbon Stocks and Titled Forest Areas
Local indigenous technicians received three days of classroom and field training to assess biomass in mature forest plots (i.e., excluding successional forests recovering from rotational farming) that were located between 0 and 12 km around 15 villages, and at five control areas that were reported to be free of any human activities, at least in the recent past, as confirmed by subsequent onsite technician observations ('undisturbed', 15-40 km away from any village, Figure 1 ). Biomass plots in mature forest were selected in a stratified random way, by making use of previously established transects for the larger 'Project Fauna' study on human-wildlife dynamics. These transects had been inventoried for vegetation types by trained local technicians, which allowed for selecting mature forest for the biomass plots (for more details see [37] ). Transect arrays around each village had been divided in two concentric zones, 'near' (0-6 km from village center) and 'far' (6-12 km), with four transects, each 4 km in length, within each zone [34] . Start point and bearing of the straight-line transects were randomly generated, but placement was stratified by a minimum of 3 km distance between adjacent transects. The 6 km boundary was selected as evidence has shown that most hunting activity, and thus most walking activity in forest occurs within 5 km of villages, while the 6-12 km zone was established to determine source-sink dynamics of hunted wildlife [35] . These forest zones were used to group plots and obtain average biomass per zone (0-6 km, 6-12 km and 15-40 km (controls) from village centers).
Aboveground biomass of forests was estimated by the local technicians for trees ≥10 cm diameter at breast height (dbh) in 564 plots of 10 m × 10 m on 111 transects (5.64 hectares, Figure 1 ), using the regression equation for moist tropical forest of IPCC [38] , multiplied by 0.5 to derive above ground carbon densities. More details on the methodology, including the verification of technician estimates, can be found in [37] . A total of 386 plots were located in the 0-12 km village zone, and 178 plots in control areas. Above ground carbon stocks data for undisturbed plots and plots located within 0-12 km of a village center were compared statistically (ANOVA) after the data were log transformed using the stats package in R [39] . Areas of forest within titled lands were derived from Landsat imagery and raster counts of 30 × 30 m pixels in ArcGIS. The computation of forest areas did not allow for distinction between mature and secondary forests [37] . This constitutes a risk for overestimating carbon stocks from forest cover of titled areas, which is discussed in Section 4.2.
Results

Community REDD+ Revenue
Based on Equation (1) and the reported (above and belowground) carbon density for this region, 283.7 tC ha −1 [18, 33] , payment for the average village would fluctuate between US$166,000 and $284,000 per year, depending on the community's emissions each year ( Table 1 ). The $166,000, for example, is given by: (0.00242 − 0.00100) × 22,544 ha × 283.7 tC ha −1 × (44/12) × $5 (Equation (1)), where 0.00242 represents the national reference emission level (0.242%, [18] ), 0.00100 is a hypothetical community emission level (0.1%), 22,544 ha is the area of titled forest for the average community, 283.7 tC ha −1 is the mean carbon density [18, 33] , (44/12) represents the conversion factor from C to CO 2 , and $5 represents the carbon price. The range in gross REDD+ income for the average community (with 80 households) would equate to between~$2100 and $3500 per household per year. In comparison, available estimates of household cash income were $300-600 per year (Table 1) , while the minimum wage in Guyana was~$2600 per year in 2017 [44] .
Community Carbon Impact
The aboveground living biomass component of mature forests without human activity in the region ('Undisturbed', 15-40 km away from any village) contained an average 172.4 Mg (mega gram, or metric ton) carbon per hectare (se (standard error) = 15.9, n = 178 plots, Figure 2 , see also [37] ).
Mature forests within a 12 km radius of the villages contained on average 17% less carbon per hectare than Undisturbed forest (143.6 tC ha −1 , se = 10.8, n = 386 plots, p-value = 0.002). Further analysis revealed that the carbon impact is restricted to within a 6 km radius from villages, since the mean carbon density of forests that were located 6-12 km from village centers was statistically not different from that of more distant Undisturbed forest (170.5 vs. 172.4 tC ha −1 , se = 15.9, n = 228 plots, p = 0.111). The mature forests within 0-6 km from villages contained an average 39% less carbon than Undisturbed forests (104.8 tC ha −1 , se = 9.4, n = 158 plots, p < 0.001). Mature forests within a 12 km radius of the villages contained on average 17% less carbon per hectare than Undisturbed forest (143.6 MgC.ha −1 , se = 10.8, n = 386 plots, p-value = 0.002). Further analysis revealed that the carbon impact is restricted to within a 6 km radius from villages, since the mean carbon density of forests that were located 6-12 km from village centers was statistically not different from that of more distant Undisturbed forest (170.5 vs. 172.4 MgC.ha −1 , se = 15.9, n = 228 plots, p = 0.111). The mature forests within 0-6 km from villages contained an average 39% less carbon than Undisturbed forests (104.8 MgC.ha −1 , se = 9.4, n = 158 plots, p < 0.001).
Landsat imagery analysis [37] revealed that, on average, 19.3% of communities' titled forest area was located within 6 km of the village (including an unknown area of fallow forest), implying that at least 80.7% of indigenous titled forest areas had no measurable difference in stored carbon when compared to undisturbed forests. This means that the indigenous titled forests in the Rupununi contained on average at most 7.5% less carbon than forests untouched by people (39% × 19.3%). If, for example, half of the 19.3% was fallow forest, then the mature titled forest contained on average 3.76% less carbon than nearby forest untouched by people.
Discussion
Indigenous Impacts on Forests
To our knowledge for the first time, we provided an estimate of the average impact that 15 indigenous communities appear to have had over time on carbon stocks of adjacent mature forests beyond fallow areas. The average 39% lower carbon density of the 0-6km forest zone appears high, as it implies that more than a third of the biomass has been extracted from every hectare of mature forest within 6 km of village centers (i.e., beyond savanna and rotational farming areas). However, as mentioned, this impact is confined to less than ~20% of the titled forest area, which dilutes the overall impact on the titled forest to less than 7.5%. In addition, apart from larger sample sizes improving the accuracy, there may be potential selection bias around the choice of the 6 km boundary zone used to differentiate levels of forest use and related carbon stocks. It should also be realized that 39% of the biomass in tropical forest may be contained in just the 15 biggest trees per hectare [45] , and that chainsaw logging has an inherent overall efficiency of only 5-12% (i.e., for every board produced, the equivalent of 8-19 more boards go up in CO2, [46] [47] [48] , details in Landsat imagery analysis [37] revealed that, on average, 19.3% of communities' titled forest area was located within 6 km of the village (including an unknown area of fallow forest), implying that at least 80.7% of indigenous titled forest areas had no measurable difference in stored carbon when compared to undisturbed forests. This means that the indigenous titled forests in the Rupununi contained on average at most 7.5% less carbon than forests untouched by people (39% × 19.3%). If, for example, half of the 19.3% was fallow forest, then the mature titled forest contained on average 3.76% less carbon than nearby forest untouched by people.
Discussion
Indigenous Impacts on Forests
To our knowledge for the first time, we provided an estimate of the average impact that 15 indigenous communities appear to have had over time on carbon stocks of adjacent mature forests beyond fallow areas. The average 39% lower carbon density of the 0-6km forest zone appears high, as it implies that more than a third of the biomass has been extracted from every hectare of mature forest within 6 km of village centers (i.e., beyond savanna and rotational farming areas). However, as mentioned, this impact is confined to less than~20% of the titled forest area, which dilutes the overall impact on the titled forest to less than 7.5%. In addition, apart from larger sample sizes improving the accuracy, there may be potential selection bias around the choice of the 6 km boundary zone used to differentiate levels of forest use and related carbon stocks. It should also be realized that 39% of the biomass in tropical forest may be contained in just the 15 biggest trees per hectare [45] , and that chainsaw logging has an inherent overall efficiency of only 5-12% (i.e., for every board produced, the equivalent of 8-19 more boards go up in CO 2 , [46] [47] [48] , details in Supplementary Materials (Note S1)). There may have been several other factors of unknown magnitude that can have influenced results, such as possibly lower carbon density in natural forests bordering on savanna, cases where neighboring non-sampled communities use the same forest area, et cetera. Given these factors, the observed difference in carbon density appears modest for, on average, 75 year-old communities with 80+ households, the majority of whom are fully dependent on forests for their livelihoods (more details in Supplementary Materials (Note S1)). In sum, while the 39% difference was found to be statistically significant (p < 0.001), it appears confined to a Forests 2018, 9, 231 9 of 17 small area which reduces the overall carbon stock of titled mature forest areas only slightly (below 7.5%) compared to nearby forest untouched by people, which may be negligable for carbon payments under REDD+.
Carbon Density of Southern Guyana Forest
The preliminary mean aboveground carbon density reported by the government for the study area (229.7 tC ha −1 , [18, 33] ) was not supported by our study (172.4 tC ha −1 for Undisturbed forest, Figure 2 ), even after adding carbon from 5-10 cm dbh trees (4.4 tC ha −1 , adopted from [45] ), which we omitted: 176.8 tC ha −1 . The difference is about a quarter less carbon per hectare (23%), which would imply 23% less revenue for indigenous communities in this region ('Community's forest CO 2 stock', Equation (1)). The observed lower carbon density of Undisturbed forest in the region is corroborated by another biomass assessment across the North Rupununi that used the same methodology as the GoG (166 tC ha −1 , [49] ), as well as by earlier assessments of the forests in southern Guyana [50] . Future government-planned biomass estimations in southern Guyana will reveal whether thusfar reported carbon densities for this region need adjustment.
Economic Pantropical Monitoring of Forest Emissions
Our Project Fauna study [34, 37, 51] , and several others, e.g., [52] [53] [54] [55] [56] [57] [58] , have shown that with short training periods, FDP can acquire the skills to estimate biomass, follow systematic work plans, handle GPS units, smartphones, and unmanned aerial vehicles (UAV, or drones) in the field, with similar accuracy as professionals at much lower costs. This supports the suggestion in the literature that more ground derived biomass data are needed from tropical forests to improve calibration of remote sensing (RS) estimates for different forest types, which has been hampered by field costs e.g., [59] [60] [61] [62] [63] . We describe how teams of local people with third-party verifiers could economically provide such data. A further 6-12 fold field cost reduction may be possible if forest carbon densities are derived from measuring only plot trees over 30 cm, or 20 cm, in diameter (approximately 83, resp. 155 trees per hectare, containing 75% resp. 85% of the carbon, instead of measuring all trees over 5 cm (~1000 per ha) [45] ).
Once the RS signatures of the different forest types are ground-calibrated, maps can be created that more accurately describe the carbon density variation across tropical forests. This will improve the accuracy of calculating emissions from satellite-detected areas of deforestation across forest basins. When combined with rapid advances in RS technology (in both image data fusion and resolution e.g., [61, [64] [65] [66] [67] [68] ) and tree gap emission factors [48, 69] , this could have potential for economic monitoring of forest degradation emissions from logging across the tropics, remotely and objectively. Since global logging emissions are significant [69] , this aids the credibility and feasibility of the REDD+ mechanism for climate change mitigation. Accurate countrywide monitoring of emissions by each forest concession holder (e.g., registered mining and logging concessions, FDP titled forest) would also contribute to transparent and equitable sharing of burdens and benefits of REDD+ among forest stakeholders.
National REDD+ and FDP
We found that Guyana's approach towards implementing REDD+ nationally would produce a large financial benefit to FDP, equating to a 3.5-12 fold increase in cash income for the majority of households (Table 1) . REDD+ would not only form a significant source of revenue, but has the potential to provide a stable revenue source, for all of the country's indigenous communities with titled forest, independent of what other communities decide or emit, with funds to be allocated to self-identified development priorities.
We underline that these are gross revenue estimates from which, as yet unfinalized [20] , REDD+ costs due by the village will be subtracted (Section 2.3), which could be significant. While not entirely overlapping with apparent communities' costs in Guyana, a recent review of studies estimating different REDD+ costs found 'transaction and implementation' costs averaging US$ 3.39 tCO 2 −1 (range $0.03-$20.93) [70] . None of the 60 studies however, analysed REDD+ costs at the national (country) level (but used a 'local empirical, global empirical, or global simulation' approach), and the authors warned that available estimates were inadequate, suggesting an important gap in the literature [70] . We further note that REDD+'s high benefit is in large part due to extremely low current FDP levels of cash income ($300-600 yr −1 ), and that several policy issues still remain to be resolved in Guyana (see Supplementary Materials (Note S2)). Also, our REDD+ revenue figures will be slightly overestimated since our satellite imagery was unable to distinguish secondary from mature forest, implying that all of the forest cover in titled areas was regarded as mature forest in calculations of communities' forest carbon stock. Recovering forest after swidden agriculture is, however, on average, a small proportion of total titled forest cover [26] .
How Exceptional Is Guyana?
The beneficial nature of Guyana's national REDD+ program for FDP is in distinct contrast to FDP experiences with many earlier REDD+ projects in other countries e.g., [8, 17] . One reason is that Guyana's, UN-approved, national REDD+ mechanism functions quite differently from REDD+ at the project level. For instance, national REDD+ is not subject to the structural difficulties of REDD+ projects (setting reference levels, national leakage, permanence [17] ), since each country develops its reference level based on historical countrywide forest emissions, which serves as the baseline of normal emissions, per year. Any subsequent annual emissions below this base level reflect active reductions, and are traded as carbon credits [18, 71] . Guyana does, however, appear to have three advantages over many other developing countries, which contribute to the level of positive outcomes of national REDD+ for FDP: comparatively high forest carbon density, HFLD status, and secure FDP tenure. We discuss these below.
Carbon Density
The reported average carbon density of Guyana's forests (283.7 tC ha −1 , [18] ) is almost twice as high as the densities that were reported by other Amazon countries (Brazil, Colombia, Ecuador, [3] ), implying twice less revenue per avoided hectare of deforestation in these latter countries. High carbon densities in Guiana Shield forests are consistent with research e.g., [72] , although Guyana's reported value for the south part of the country may need some downward adjustment in update reports to the UN (Section 4.1.1). Further, if carbon prices rise, due to the urgency of global emission reductions (e.g., to $40-80 tCO 2 −1 by 2020, [73, 74] ), such price increases would more than compensate lower carbon density forests in other countries.
High Forest Low Deforestation (HFLD)
Global REDD+ models aim to provide financial incentives to all tropical forest nations to join REDD+ to avoid international leakage of forest emissions [71, 75] . However, if payments were only based on emission reductions, developing countries with historically low forest emission rates (HFLD countries) would have little incentive to join REDD+. Instead, they could be persuaded to accept offers from forest based industries that come under pressure in other REDD+ countries to operate in their (HFLD) forest, resulting in not a reduction, but a relocation or 'leakage' of emissions, thus invalidating REDD+ credits of the non-HFLD country [71] . In Guyana's technically approved FREL submission to the UN [18, 19] , the Combined Incentive approach of Strassburg et al. [71] is adopted to develop a payment model. This model raises the reference level of HFLD countries as Guyana above their historical rate [18] , which can result in substantial annual REDD+ payments at current emission rates [76] . These funds would enable Guyana to reward its FDP for emissions below the national reference level, instead of demanding resource use restrictions for ('result-based') payments. However, an argument should be made in favor of FDP as responsible forest users. Contrary to some perceptions, FDP have been shown to be a minor contributor to countries' total forest emissions, not only in Guyana but also across continents [26, [77] [78] [79] . We argue FDP would be an even smaller 'emission driver' (source of emissions) if emissions were not expressed per driver but per household. To illustrate, the average household working in the overall mining and logging sectors in Guyana emits 41, respectively, 20 times more CO 2 from forest per year than the average FDP household (1% of the country's total forest emissions is emitted by 11,000 FDP households, while 91% of the total is emitted by 23,000 jobs, i.e. households, in the overall wood sector and 13,000 jobs in mining [18, 26, 29, 80, 81] ). The low emission lifestyle of FDP, for generations, indicates there is very little potential for emission reductions, i.e., results-based payments, with this driver, which would directly affect their livelihoods, and hence breach the minimal 'no harm' REDD+ Safeguard. Instead, it strongly supports the notion that FDP should benefit from REDD+ well beyond 'no harm', with establishment of solid and objective FDP safeguards, i.e., containing a 'monitoring, reporting and verification' aspect.
By contrast, there would be much more potential gain for the country in reducing the emissions of commercial forest uses (91% of total in Guyana [18] ), which was recently found to generate large overall net profit along private supply chains, shared~99:1 with the resource-owning country [76] ). Commercial forest use (CFU) emissions may be reduced by 'cleaning supply chains' and moving commodity production out of primary forest e.g., [82, 83] , and by 'cleaning profit chains' to fund better forest management [76] .
FDP Tenure
In the context of REDD+, settling FDP tenure rights has been described as an essential requisite before REDD+ implementation, so as to avoid land grabbing, regulate FDP resource use restrictions, and enable equitable REDD+ benefit sharing with FDP [13] [14] [15] [16] . An assessment of Guyana's UN-approved FREL submission [76] , however, indicated that land grabbing appears unlikely to occur under national REDD+ because owning or acquiring standing forest would yield virtually no annual forest rent, whereas logging or clearing standing forest will substantially cost the owner, if not the state (see below). In addition, the frequently stated sequestration capacity of standing forest does not pass REDD+'s additionality criterion (i.e., the CO 2 removal or reduction would not have happened without human effort/intervention). As such, the sequestration of standing forest is unlikely to generate credits, while sequestration credits from re/afforestation or enhanced regeneration with native species are small per hectare when compared to credits of avoided deforestation and degradation (between $9-101 ha −1 yr −1 at a $5 carbon price [84, 85] ).
Further, while CFUs are often hailed in terms of progress, employment, or national development, actual net revenue for a developing country can be quite small, e.g., $13 and 0.5 jobs per hectare for selective logging, and $4100 gross and 2.8 jobs per hectare for alluvial gold mining in Guyana, while costing $560, respectively, $5200 per hectare in foregone REDD+ revenue at $5 tCO 2 −1 [76] .
Such figures make it harder for governments to grant commercial concessions on FDP lands, given that CFUs are typically associated with large and long-term social and environmental disruption for hundreds of citizens in FDP communities e.g., [86] . Lastly, higher carbon prices, such as the $40-80 required by 2020 stated by [73, 74] , may in fact generate tenure security, when lost REDD+ income from commercial forest damage becomes economically inhibitive for tropical forest nations (e.g., $41,000-83,000 ha −1 to deforest, and $4500-9000 to log a 284 tC ha −1 forest [71, 76] ).
Economic considerations and assessments in the context of national REDD+, as presented here and in concurrent work [76] , may provide domestic leverage for forest governance change beneficial to FDP, since economic aspects often reflect the reality behind land use in the tropics [87] . Public general awareness of the economics of current forest governance may aid government and electorate decision-making in sovereign developing countries in a national REDD+ era, which would in all likelihood be beneficial for FDP livelihoods.
Conclusions
In contrast to many project-level experiences, our analysis shows that REDD+ implemented nationally in Guyana could have large annual financial benefits for FDP with legal forest tenure, equivalent to 3.5-12 fold increases in cash income for the majority of housholds. While legal forest tenure is not common for many FDP in the tropics, and Guyana has some additional comparative advantages (high forest carbon density, HFLD), we suggest that these advantages do not appear to be essential for national REDD+ to have positive outcomes for FDP in other countries. Concurrent work [76] suggests how policy can eliminate incentives to land grabbing, which is perceived to be a main argument for FDP tenure. Restrictions on FDP resource use would also appear to be unlikely as FDP emit little when compared to commercial forest emissions, and such restrictions would directly breach UN social safeguard obligations. These and other presented lines of economic evidence (e.g., modest net per hectare state benefits from CFU, extremely skewed private-public sharing of net revenue on forest-based resources, inhibitive forest damage costs at rising carbon prices, REDD+'s competitiveness with CFUs at $5 tCO 2 −1 [76] ), may motivate forest governance change domestically in sovereign developing countries in a national REDD+ era, and ease facilitating FDP tenure. Advances in remote sensing, when combined with carbon ground calibration through FDP partnerships, suggest large potential for accurate economic monitoring of tropical forest emissions under a global REDD+ mechanism.
The average carbon density of mature forest managed by 15 indigenous communities in Guyana appeared locally substantially less (39%) than that of nearby unmanaged forest. The lower carbon density is however modest when considering ecological and socioeconomic attributes, and constitutes a small (less than 7.5%) reduction in overall carbon stocks of titled forest areas when compared to unmanaged forest, which may be negligable for carbon payments under REDD+. 
